Cardiac muscle engineering aims at providing functional myocardium to repair diseased hearts and model cardiac development, physiology, and disease in vitro. Several enabling technologies have been established over the past 10 years to create functional myocardium. Although none of the presently employed technologies yields a perfect match of natural heart muscle, it can be anticipated that human heart muscle equivalents will become available after fine tuning of currently established tissue engineering concepts. This review provides an update on the state of cardiac muscle engineering and its utilization in cardiac regeneration. We discuss the application of stem cells including the allocation of autologous cell material, transgenic technologies that may improve tissue structure as well as in vivo engraftment, and vascularization concepts. We also touch on legal and economic aspects that have to be considered before engineered myocardium may eventually be applied in patients and discuss who may be a potential recipient.
Introduction
Tissue engineering aims at restoring, maintaining, or enhancing tissue and organ function. Langer and Vacanti were the first to promote the concept that cells may be seeded on artificial matrices to support formation of functional tissue-like structures that may be used to repair diseased organs or to screen for wanted and unwanted effects of drugs [1] . Particularly the perspective to use engineered tissues as organ replacements in patients has intrigued scientists and clinicians alike. Independent of the scientific and intellectual challenge, there is a clear medical necessity to develop alternatives to current organ transplantation given the world wide mismatch between patients waiting for organ transplants (15.995 in 2004 in Eurotransplant countries) and the availability of donor organs (1.793 in 2004 in Eurotransplant countries; www.eurotransplant.nl). Engineering of fully functional and transplantable organs like heart, liver, kidneys, or pancreas has not yet been achieved and is complicated by the structural and functional complexity of the respective organs. Consequently, most tissue engineers focus on developing organ units with a defined function rather than complete organs. Ultimately, these units may be used to restore and enhance a defined organ function in vivo. Examples for this concept are the development of hepatocyte spheroids which are metabolically active and may function as detoxifying units [2] or beta-cell aggregates which may eventually produce insulin in patients with diabetes [3] .
Building a heart would require the assembly of multiple functional units which include excitable and contractile atrial and ventricular myocardium, epi-and endocardial structures, valves, and vasculature. Eventually, all parts would have to function as a single entity to propel blood through the organism, withstand diastolic loading, and adapt appropriately to immediate physiologic stimuli, e.g. fightor-flight response, or to a chronically increased circulatory demand, e.g. physiologic hypertrophy. In light of this complexity it is questionable whether it will ever be possible to build a heart. This may in fact not even be desirable if it turns out that heart muscle or valves can be engineered at a size and quality sufficient to serve as surrogates in vivo. Notably, bioartificial valves have already been tested in humans with some encouraging, yet preliminary results [4] .
This review focuses exclusively on tissue engineering of heart muscle that may be used to restore or enhance contractile function of failing myocardium in vivo. We discuss different cardiac tissue engineering principles and focus on issues related to the improvement of engineered heart muscle structure in vitro and its applicability in vivo. In addition, legal and economic aspects will be covered. We will not discuss advances in vessel and valve engineering nor do we aim at comparing cell implantation strategies with tissue engineering-based myocardial regeneration and would instead like to refer the interested reader to excellent reviews in the field [5] [6] [7] . A detailed discussion of synthetic and biological materials in cardiac tissue engineering is available elsewhere [8] [9] [10] .
Principles of cardiac muscle engineering
Engineered heart muscle must develop systolic force, withstand diastolic load with appropriate compliance, and form an electrical and functional syncytium. So far, three distinguishable strategies have been developed to construct contractile heart muscle equivalents: (I) seeding cardiac myocytes on synthetic or biologic matrices [11 -16] , (II) supporting the propensity of cardiac myocytes to form contracting aggregates by entrapment in collagen [17 -19] , and (III) stacking cardiac myocyte monolayers to form multi-layered heart muscle constructs (Fig. 1) [20] . Development of systolic force is the most important feature of artificial myocardium. However, data on contractile properties are only available for (1) Artificial Myocardial Tissue (AMT) which is developed by seeding neonatal rat cardiac myocytes on collagen sponges [12] , (2) Engineered Heart Tissue (EHT) which forms after entrapment of embryonic chick or neonatal rat heart cells in an extracellular matrix environment [17 -19] , and (3) stacked neonatal rat cardiac myocyte monolayers [20] . Maximal force of contraction was at 0.02 mN in AMT and 2 -4 mN in stacked monolayers and EHTs [8] . The low contractile force in AMTs points to a conceptual disadvantage of preformed matrices in myocardial tissue engineering. Essentially, cardiac myocytes are ''forced'' to seed a structurally defined environment if preformed matrices are employed and seem to be limited in their potential to organize into three-dimensional force generating units. Another caveat relates to the limited compressibility and distinct stiffness of presently used materials. Whether new materials including nanomaterials will constitute better matrices for cardiac muscle engineering remains to be shown. Presently, methods supporting the propensity of cardiac myocytes to ''freely'' form contractile aggregates [21, 22] and their organization into complex myocardial structures in the absence of obstructing Fig. 1 . Different concepts in cardiac muscle engineering using either preformed matrices as scaffold material (I) [11 -16] , soluble collagen and extracellular matrix (ECM) components to entrap cells (II) [17, 18] , or monolayer ''sandwiches'' (III) [20] . materials seem to be advantageous from a functional but also structural point of view.
Evaluation of muscle force in engineered myocardium is hampered by the fact that the cross-sectional area of most engineered heart muscle constructs is not fully comprised of muscle. Therefore, the classical normalization of force to cross-sectional area expressed as mN/mm 2 is difficult. Isolated adult cardiac myocytes or very thin muscle strips devoid of core necrosis develop a twitch tension of up to 56 mN/mm 2 [23] . None of the so far developed cardiac muscle constructs reaches this level of contractility. For example, the cross-sectional area of an EHT (~1 mm 2 ) is mainly occupied by extracellular matrix (i.e. collagen type I and laminin) and non-myocytes; cardiac myocytes constitute less than 30% of an EHT cross-section [19] . Thus, the estimated muscle cross-sectional area is 0.3 mm 2 , yielding a normalized force of ''pure myocardium'' in EHT of~13 mN/ mm 2 . The remaining difference to native papillary muscle of adult rat hearts is likely explained by the less compact structure of the muscle network and the immaturity of neonatal rat heart derived cardiac myocytes in EHTs.
Thus, should cardiac muscle engineers aim at generating heart muscle that fully resembles adult myocardium? The answer to this question clearly depends on the intended utilization of the heart muscle constructs. In case of in vitro heart muscle modeling it should be ideal to develop constructs that closely simulate adult myocardium in order to derive physiologically relevant information. Conversely, the expected low ischemia tolerance of thick, terminally differentiated cardiac muscle samples is expected to impede its application in cardiac regeneration in vivo. Eventually, ''loose'', but electrically and functionally interconnected, cardiac myocytes networks with a low degree of differentiation may have a better chance to survive in vitro and after implantation in vivo. A caveat to this hypothesis is that ''loose'' cardiac muscle networks may constitute slow conducting tissues with the concomitant risk of electrical instability and arrhythmias after implantation.
Current limitations and research strategies
Several issues will have to be resolved to improve the complexity and function of engineered myocardium: (1) high numbers of cardiac myocytes need to be made available; (2) the survival rate of cardiac myocytes in a three-dimensional environment needs to be improved; (3) the size of three-dimensional myocardium needs to be increased; (4) engineered myocardium must develop appropriate force. The post-mitotic state and a high sensitivity to hypoxia of differentiated cardiac myocytes constitute major obstacles in cardiac tissue engineering. Thus, it is unlikely that biopsy-derived naïve cardiac myocytes can serve as a reasonable cell source. Cardiogenic stem cells might constitute an alternative, potentially unlimited and autologous cell source for cardiac muscle engineering [24 -32] . Although the allocation of sufficient amounts of cardiac myocytes to engineer thick myocardium seems possible with appropriate embryonic or adult stem cells, it is unlikely that this alone will resolve the problems of low cell survival and seeding efficiency. Genetic modifications of the respective cells to induce protection from apoptosis and/or reentry into the cell-cycle might turn out to be powerful means to support development of myocardium in vitro and also engraftment in vivo. Yet, non-transgenic options also exist and include applications of growth factors or growth factor providing cells, culture under hyperbaric oxygen, and induction of vascularization.
Stem cells in cardiac tissue engineering
Embryonic and adult stem cells can give rise to functional cardiac myocytes [24 -28,30,33] and could theoretically serve as reliable cell sources for cardiac tissue engineering. Embryonic stem cells (ES-cells) are derived from the inner cell mass of a blastocyst and can differentiate into derivatives of all three germ layers including mesodermal cardiac myocytes. Yet, available ES-cell lines, be it from mice or humans, do not exhibit equal differentiation capacities. Most experiments on cardiac differentiation have been performed with murine D3 and R1 cell lines or human H1, H7, H9, hES2, and hES3 cell lines and their respective subclones (H9.1, H9.2) [24, 26, 28, 29, 31] . Differences in cardiac myocyte yield from ES-cells do not only depend on the employed cell line but may also stem from differences in cell handling. Accordingly, the reported number of spontaneously contracting, cardiac myocyte containing embryoid bodies in culture ranges substantially from 8 -70% in similar cell lines (WiCell lines) [28, 31] , while cardiac differentiation in other cell lines (ESI cell lines) depends on paracrine factors delivered by visceral endodermal cells (END-2) or liver parenchymal cells (HepG2) [29] . Recently, bone morphogenic proteins (BMP2), basic fibroblast growth factor (FGF2), oxytocin, and the chemical compounds 5-aza-2V -deoxycytidine as well as cardiogenol have been reported to improve cardiac myocyte yield from ES-cells [31,34 -36] . However, there seems to be no common agreement on the mechanism of induction of cardiogenesis in ES-cells and the effectiveness of compounds varies between laboratories and ES-cell lines. Regardless of these obscurities it is undisputed that cardiac differentiation is a common phenomenon in ES-cell cultures. Recently, several groups have identified adult stem cells with a cardiogenic potential [25, 27, 30, 32, 33, 37, 38] . Most compelling evidence for the capacity of adult stem cells to differentiate into cardiac myocytes stems from histological examinations in animals [25,27,32,39 -41] . In vitro differentiation of adult progenitors into functional cardiac myocytes has also been observed by some investigators [25, 33, 42] . However, the capacity of circulating stem cells to give rise to cardiac myocytes is controversial [43 -46] .
Nevertheless, stem cells seem to be the only meaningful cell source to allocate enough myocytes for clinically relevant cardiac muscle engineering in the future. One gram of adult myocardium contains an estimated number of 20-40 million myocytes [47] and a typical myocardial infarction that induces heart failure leads to a loss of approximately 50 g of heart muscle [48] . In order to compensate such a loss, it seems likely that engineered myocardium must not only have a similar size but also contain an equal amount of myocytes (50 g~1 -2 billion). Clonally growing embryonic [24, 26, 28, 29, 31] and adult stem cells [25, 40] may provide the necessary cell quantities. Yet, this seems only feasible if cells have a high rate of proliferation and triggers are identified that commit these cells into the cardiac myocyte lineage. Unfortunately, neither of this is the case at present. In fact, human ES-cells proliferate much slower than mouse ES-cells (doubling time 30 -35 vs. 12 -15 h) [49] . Doubling time of cardiogenic c-kit cells from rats has been reported to be~40 h and is unlikely to be faster in human c-kit cells [25] . Ultimately, refinement of growth conditions including the use of bioreactor technologies may increase the cardiac myocyte yield also from human cells [50] .
Genetic manipulations to support formation of engineered myocardium
Genetic manipulations of cardiac myocytes may improve their regenerative potential, e.g. by inducing re-entry into the cell cycle or protection from apoptosis [41,51 -54] . Either approach would likely effect cardiac myocyte cell number in engineered myocardium in vitro and after engraftment in vivo. Yet, induction of proliferation and cell protection must be controllable to prevent cellular overgrowth and eventually tumor formation. This could be achieved by introduction of conditional transgenes that may not only be activated on demand but also shut off when required [55, 56] . First studies to activate the cell cycle in cardiac myocytes were performed in mice overexpressing the large-T oncogene from the Simian Virus 40 under the control of the atrial natriuretic factor (ANF) promoter. These mice developed excessive right atrial tumors as a result of unrestricted cardiac myocyte growth [57] . Eventually, the murine cardiac myocyte cell line HL-1 was derived from these mice [58] . However, HL-1 cells did not allow generation of contractile engineered myocardium (own unpublished observation) and the introduction of a strong viral oncogene into cells that are destined to be used in vivo seems undesirable. Other more specific ways to induce cell cycle activity in cardiac myocytes may be to introduce or block cell cycle regulators and key mediators of apoptosis including the retinoblastoma gene (Rb), cyclins, cyclin dependent kinases, telomerase, p53 or p38 [51 -54,59 ].
Yet, unlimited growth of genetically altered cells and naïve ES-cells goes along with the risk of tumor formation. A possible way to stop uncontrolled growth might be to introduce transgenes that allow targeted activation of suicide genes in cells that have lost growth control. Based on the stem cell hypothesis of tumor formation [60] it would be straightforward to control the expression of such suicide genes by fusion to a regulatory element that controls the expression of pluripotency/ stemness genes such as Nanog, Oct 3/4, Rex-1, and Sox 2 [49] . The suicide gene of choice (e.g. thymidine kinase) should only act in cells that express the respective stemness gene and not elicit a significant bystander effect to spare myocytes in the proximity of tumorigenic cells. A caveat to any genetic alteration is the danger of unfavorable transgene integration in regulatory genomic elements which may eventually lead to a loss of function in another gene [61] . Yet, this problem might be controllable by identification of the integration site or targeted knock-in integration.
Growth promoting and cell survival supporting factors
Various growth factors have been identified to promote hypertrophic growth of cardiac myocytes [62 -65] . Among those, IGF-1, insulin, and EGF have improved contractile performance of EHTs [19] . This may not only be the consequence of hypertrophic growth and cardiac myocyte differentiation, but also of improved cell survival. The latter effect could in the case of IGF-1 and insulin be elicited by activation of the anti-apoptotic Akt-kinase pathway [66, 67] . An important task for cardiac tissue engineers in the future is certainly to identify more and ultimately all factors including optimal concentrations and time windows in which specific factors have to be present during culture. So far, growth factors are mostly applied by addition of xenogenic sera which is not compatible with human applications. Preliminary data from our own group show that complete serum replacement is possible, at least in the rat EHT model [68] . Other factors that can improve structure and function of engineered myocardium are increased delivery of oxygen and nutrients [69 -71] as well as mechanical and electrical stimulation [19, 72, 73] .
Induction of vascularization in engineered myocardium
The maximal size and thickness of engineered heart muscle will critically depend on oxygen and nutrient supply. Perfusion in vitro may improve the metabolic supply and could be achieved by induction of angiogenesis or vasculogenesis [74, 75] . The former may be induced by embedding continuously perfused, functional vessels into engineered heart muscles leading to sprouting of capillaries from the vessel into the construct. This approach ideally establishes a vascular bed that could subsequently be surgically connected to the recipient vasculature [76] . Vasculogenesis may be achieved by adding endothelial progenitor cells to the engineered heart construct [77, 78] . Notably, primitive capillaries form in EHT already under standard culture conditions [19] . This process is further promoted when mixed heart cell populations with a large fraction of non-myocytes are employed [68] . Macrophages appear to play a role in this process possibly by providing angiogenic growth factors and/or by degrading extracellular matrix and thereby ''drilling holes'' into the respective tissue constructs [79, 80] . Whether these ''holes'' are subsequently lined with endothelial cells to form new capillaries and whether this process can be controlled to establish a defined capillary network remains to be shown. However, macrophages may not only provide factors that support vessel formation but also factors that inhibit this process and even be deleterious for cardiac myocyte development in engineered heart tissue.
Cardiac repair with engineered heart muscle
Once myocardium has been engineered in vitro, its tissue structure and function need to be maintained after implantation in vivo, and electrical as well as mechanical contacts have to be established. Optimal oxygen and nutrient supply are essential to support engineered myocardium after engraftment. Finally, tissue grafts must not be rejected and should therefore be made exclusively from non-immunogenic material including autologous cells.
Mechanical and electrical coupling
Cardiac myocytes couple mechanically through intercalated discs containing adherens junctions which are composed of several molecules including cadherins, desmoplakin, plakoglobins [81] . Cadherin connections develop before formation of gap junctions which mediate electrical contacts in the heart [82] . Loss of cadherin protein leads to a loss of structural integrity of the heart and conduction deficits, the latter being a consequence of subsequent gap junction dysfunction [83] . The presence of adherens junctions and gap junctions have been clearly demonstrated in engineered myocardium by several groups [19, 20, 73, 84, 85] . In contrast, histological evidence for coupling of engineered and recipient myocardium is sparse and apparently less organized than cell -cell coupling in healthy myocardium [84] . However, histological identification of cadherin or connexin positive cellcell contacts cannot be considered as unequivocal proof for mechanical and electrical coupling and additional experiments have to be performed to provide additional evidence for coupling. This may be done by electrical or optical epicardial mapping [86, 87] , iontophoresis experiments using gap junction permeable dyes [88] , or twophoton molecular excitation [89] . Another important issue is whether or not electrical integration, especially of loosely structured tissue grafts, leads to electrical instability of the recipient heart. Presently employed small animal models are not well suited to study this question because baseline heart beat in rodents (e.g. 5-6 Hz in rats) is much higher than the spontaneous beating frequency of all so far developed myocardial tissue constructs (e.g. 1-2 Hz in rat EHT) [19] . Under these conditions, implanted constructs are likely to be overpaced by the recipient heart rate and may thus not elicit substantial arrhythmias. In addition, engineered myocardium may not be capable to excite the bulky recipient myocardium because of the apparent mismatch between the small current source (engineered myocardium) and the large current load of the recipient heart. The underlying electrophysiological concept for the phenomenon of conduction delay or even block as a consequence of a current-to-load mismatch has been nicely demonstrated [90 -92] . We could recently identify a similar phenomenon after implantation of EHTs onto infarcted myocardium [71] . In this case, EHTs were activated by the native myocardium without a notable delay. Retrograde activation of the recipient myocardium was rarely observed and, if present, markedly delayed. Consequently, ambulatory long term ECG-measurements did not show an increase in arrhythmic events in animals that received an EHT graft when compared to SHAM-operated animals. Nevertheless, heart muscle grafts devoid of spontaneous electrical activity will likely be advantageous to minimize the risk of arrhythmias especially when tissue grafts are to be implanted in low heart rate animals or humans.
Vascularization in vivo
We and others have demonstrated that engineered myocardium survives if implanted on healthy and infarcted hearts, into the peritoneum, or subcutaneously [15, 16, 20, 84] . Under these conditions, i.e. in the absence of immediate vascularization, engineered heart muscle must be nurtured exclusively by diffusion which is unlikely to sufficiently support thick avascular myocardial constructs. Yet, engineered heart muscle might have obtained some resistance to hypoxia during in vitro culture at ambient oxygen, a condition generally not sufficient to maintain monolayers and certainly not three-dimensional cell cultures under normoxia. Accordingly, we identified elevated VEGF-A transcript concentrations in late stage EHT cultures indicating hypoxia (own unpublished observations). Conversely, elevated VEGF-A concentrations may be useful to support vascularization of EHT grafts in vivo. We did indeed observe that EHTs are quickly vascularized after implantation [84, 93] which is in line with observations by others using either alginate-based engineered heart tissues [16] or stacked monolayer constructs [85] . Despite these observations, ''prevascularized'' heart muscle grafts would be preferable, on the one hand, to allow construction of complex tissues already in vitro and, on the other hand, to connect the vascular bed of such grafts to the recipient circulation at the time of implantation.
Prevention of rejection
None of the so far developed methods to construct engineered myocardium yields autologous graft material and all implantation studies have been performed in the presence of immune suppressants or in nude rats and mice. One might argue that immune suppression is clinically acceptable given its universal use after allogenic organ transplantation implying that the allogenic character of engineered myocardium may not completely exclude its use in organ restoration. However, autologous tissues would without doubt be preferable. This may in fact be possible with adult stem cell-derived cardiac myocytes or with ES-cells that are derived from the inner cell mass from somatic nuclear transfer derived blastocysts [94] . The former approach would certainly raise less ethical concerns than the latter. Yet, at this point it seems more likely to derive substantial amounts of cardiac myocytes from EScells than from adult stem cells. In addition, generation of EHT from murine as well as human ES-cell derived cardiac myocytes has recently been shown to be feasible (own unpublished data). Necessary steps to generate nuclear cloning derived, autologous engineered myocardium are summarized in Fig. 2 . Yet, several important questions remain unanswered relating to the source of oocytes (human, animal, or even ES-cell derived) [95] , epigenetic instability of clones [96] , generation of cells that contain mitochondrial DNA from the oocyte donor and thus being genomically chimeric, and not at last whether the techniques of nuclear transfer can be applied in humans. The latter has been originally suggested in two publications by Hwang and colleagues which have recently been retracted after research misconduct including fabrication of data was proven [97] .
Legal requirements
Although generation of human engineered heart muscle may become available shortly, we are still far away from a clinical application for following reasons: (1) All present tissue engineering concepts rely on non-human materials including xenogenic matrices and serum supplements; (2) concerns exist regarding the tumorigenic potential of stem cell-containing biomaterials; (3) safety and efficacy of engineered myocardium has not been proven in clinically relevant large animal models; (4) legal regulations limit the use of ES-cells to the NIH registered cell lines in many countries; (5) most available stem cell lines have been cultured on murine fibroblast feeder layers and are irreversibly contaminated by virus or xenogenic DNAs; (6) available ES-cell lines are prone to genetic instability making its applicability in vivo unpredictable. Eventually, all of these issues have to be resolved to allow construction of human engineered myocardium under good manufac- Fig. 2 . Concept to engineer myocardium from nuclear transfer derived cells. One-cell embryos may be derived by nuclear transfer of somatic cells from a prospective recipient (A: one-cell mouse embryos); embryonic development may be induced chemically or electrically (B: parthenogenetic mouse morula); blastocyst may be derived with a distinguishable inner cell mass (arrows) containing pluripotent ES-cells (C: parthenogenetic mouse blastocysts); ES-cell lines may be derived from the inner cell mass of a blastocyst (D: ES-cells on mitotically inactivated fibroblasts); ES-cell derived cardiac myocytes may be used to generate contractile engineered myocardium (E: star shaped EHT from rat heart cells); ultimately, engineered myocardium may be implanted into an autologous recipient (F: EHT grafting on an infarcted rat heart).
turing practice (GMP) as well as good laboratory practice guidelines (GLP) and eventually test it under good clinical practice (GCP) standards. The latter includes a study design that must compare to the standards of large clinical drug trials to gather conclusive data on the safety, efficacy, and effectiveness of tissue engineering based myocardial repair.
6. Who may benefit from engineered myocardium and who can pay for it?
These questions must be answered in times where pharmacological and interventional therapies including the use of adult stem cell implantations are, on the one hand, improving the perspective of patients with severe cardiac dysfunction and, on the other hand, imposing an increasing economic threat to the health care systems. Donor heart transplantation will likely remain the gold standard in treatment of failing myocardium. As mentioned above, donor organ number does not match the number of patients in need resulting in a one month mortality rate of 2-50% on the waiting list in Eurotransplant countries [98] . In children, the situation is even more dramatic. While building a complete bioartificial heart in vitro seems unlikely in the close future, patches of engineered myocardium may be used to enhance or restore myocardial function in patients who do not qualify for organ transplantation. Here, it may be possible to replace defined regions of the diseased heart with engineered myocardium. Grafting of the latter may be performed in analogy to the Dor procedure where non-functional myocardium is resected and replaced with a non-contractile synthetic patch [99] . Consequently, contractile biografts would be used instead of synthetic materials to not only prevent further bulging of the ventricle but also restore ventricular contractility. Another field of application may be myocardial reconstruction in pediatric patients. Heart defects belong to the most common malformations in newborn children (8 of 1000 newborns) [100] . Not all of them require surgical interventions. However, children born with single ventricles or with atrial and ventricular septum defects may benefit from a surgical reconstruction with engineered myocardium. Parts of the left ventricular free walls of donor hearts were resected. Pleura patches were sutured into the defects with (C) or without (D) subsequent implantation of an EHT patch. Finally, hearts were implanted heterotopically into the abdomen of recipient rats according to standard protocols [102] . Serial sections through the respective hearts from apex to base (left Y right) are presented. Note that the formation of a big thrombus in the right ventricle of the control heart (D) was not directly related to the surgical intervention in the left ventricle. Ideally, this biological patch would grow with physiological development making repeated surgeries dispensable. First trials will most likely test the applicability of artificial heart muscle either to restore myocardial contractility after myocardial infarction or to replace the myocardial wall. Whereas the former experiments may be performed independently of the ventricular pressure, the first wall replacement studies will have to be performed in the low pressure right ventricle or in heterotopically transplanted hearts with lower than physiologic ventricular pressure. Indeed, own preliminary experiments demonstrate that the left ventricular free wall can at least partially be replaced with EHT in heterotopically transplanted rat hearts (Fig. 3) .
The perspective of tissue engineering based myocardial regeneration is certainly fascinating, but can we afford it? As in heart transplantation, myocardial restoration by implantation of tissue engineered myocardium will be reserved to industrialized countries and will require close interaction between physicians/surgeons and tissue engineers. Cost may become manageable if autologous graft material will be available. High costs in standard transplantations do not only stem from the surgery alone (estimated at $70.000 -$400.000) and hospitalization costs ($200.000 -$400.000) but also from the required life long medication including immune suppression ($700 -$2.000 per month) [101] . The latter may not be necessary if autologous engineered myocardium becomes available. In addition, engineered myocardium may be custom made by bioengineers directly at heart transplant centers reducing the costs for organ allocation and also the time on the waiting list which in term would reduce hospitalization costs. Nevertheless, thoughts about financial issues should at this early point in time not limit our efforts to strive for developing a clinically feasible cardiac tissue engineering therapy. The clinical and socioeconomic relevance of heart failure and the lack of alternatives shall be the driving force in the field which may eventually turn out to not be more expensive than standard but hardly available heart transplantation.
Conclusion
The vision to create whole organs in the lab is intriguing. If successful it may offer salvation to patients with so far incurable disabling diseases including heart failure. The latter is not only the leading causes of death in industrialized countries but one of the main reasons for disability in aging populations. Replacing a heart with an engineered heart seems an unlikely option in the near future. However, restoring or at least enhancing heart muscle function by grafting of tissue engineered myocardium seems foreseeable and may not only be applicable in older patients with heart failure but also in children with congenital malformations. The way to a clinically applicable concept to restore heart muscle function with engineered myocardium remains certainly long and several milestones will have to be achieved (Fig. 4) . Ultimately, tissue engineering based myocardial regeneration may be an attractive alternative to heart transplantation and other surgical interventions to rebuild the heart.
